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Introduction
Bordetella avium is the causative agent of bordetellosis (tracheobronchitis), a highly 44 contagious upper respiratory disease of domesticated and wild birds [1 -3] , as well an 45 opportunistic human pathogen that may also be associated with cystic fibrosis [4 -6] . It is 46 phylogenetically distinct from B. bronchiseptica, B. parapertussis, and B. pertussis which 47 are respiratory pathogens of mammals, though B. avium expresses similar virulence 48 factors and also produces biofilms. However, whilst Bordetella polysaccharide (Bps) has 49 been identified as the primary matrix component in Bb. RB50 and B. pertussis 536 biofilms 50 [7, 8] , it has not been reported for B. avium biofilms nor has a bps-like operon been found 51 in the genome of the virulent turkey isolate Ba. 197N [9 -11] . This raises the question of 52 what extracellular polymeric substance (EPS) or substances are used as the biofilm matrix 53 during host infection or the colonisation of other environments during transmission 54 between hosts. 55 We have noted that the Ba. 197N genome [11] has been annotated with a potential 56 bacterial cellulose synthase (bcs) operon (genes BAV2632 -2623) ( Fig. 1) . Bcs operons 57 have been identified in the genomes of a wide range of Proteobacteria, but cellulose 58 expression per se has been reported for relatively few strains, including human 59 gastrointestinal commensals and pathogens, and soil and plant-associated pseudomonads 60 [12 -14] . Although the functional role and fitness value of cellulose is poorly understood 61 [13 -15] , it is associated with biofilm-formation in the intestinal epithelium and invasion of 62 epithelial cells and macrophages [14] , and provides a fitness advantage in soils and plant 63 environments where it may help reduce water stress [16 -19] . More generally cellulose 64 may promote survival in natural environments during transmission between hosts [12] . 65 We are interested in determining whether Ba. 197N is capable of expressing 66 cellulose as part of a greater understanding of the functional role of cellulose in a range of Bacterial cellulose synthase subunit homologues were identified in Proteobacteria 93 complete genomes using NCBI TBLASTN and Pf. SBW25 WssA -J protein query 94 sequences (Accession numbers AAL71841 -AAL71850) following the selection criteria 95 described in the Supplementary Methods. A WspR homologue was identified in the Ba. 96 197N genome using Pf. SBW25 WspR (AAL71852). Phylogenetic trees were produced 97 using the NCBI COBALT multiple sequence alignment tool and the Neighbour Joining (NJ) 98 method (see Suppl. Methods). Gene and whole genomic GC content data were obtained 99 from the Pseudomonas Genome Database (www.pseudomonas.com) and NCBI Genbank. 100 DNA dot plots were produced using the YASS Genomic Similarity Search Tool 101 (bioinfo.lifl.fr). spectroscopy (FTIR) and visualised by Scanning electron microscopy (SEM) (see Suppl. 143 Methods). 144 145 2.6 Construction of pAS296 and the cellulose-deficient (CD) mutant 146 The suicide plasmid pAS296 was designed to disrupt bcs operons by homologous 147 recombination of a Pf. SBW25 mini-transposon wssB::IS-W-Km/hah (Km R ) cassette (the 148 insertion is located 1,693 bp from the start of the 2,219 bp wssB gene). This was 149 integrated into the Ba. 197N chromosome following kanamycin selection to produce the 150 cellulose-deficient (CD) mutant (see Suppl. Methods). 151 152 2.7 Statistical analyses and modelling 153 Quantitative assays were undertaken with replicates, and means with standard 154 errors (SE) are shown where appropriate. Data were analysed using JMP v12 (SAS 155 Institute Inc., USA) statistical software. A General Linear Model (GLM) approach was used 156 to investigate the significance of strain, test media, growth, and attachment (effects) on 3.1 Bacterial cellulose synthase (bcs) operons within the Proteobacteria. 165 We identified over 100 bacterial whole genome sequences likely to contain fully- 166 functional bcs operons based on amino acid sequence homologies to the core cellulose synthase subunits of Pf. SBW25 ( Fig. 1 and data not shown), and it is noteworthy that 168 such a poorly-reported or tested phenotype such as the ability to express cellulose is so 169 commonly annotated amongst the Proteobacteria. Within this phylum, species from one a-170 group, two b-group and ten g-group genera were found to have convincing bcs operons 171 (see Suppl. Table S1 ). As expected, the organisation of these operons, in terms of gene 172 order and orientation, was highly variable [14] , though phylogenetic-based clustering at the 173 genus or family levels were seen in Neighbour-Joining (NJ) trees constructed using core 174 subunit sequences. An example of one NJ tree generated using WssB homologues (see 175 Suppl. Table S2 ) and rooted using a-group Proteobacteria is given in Fig. 2 . The 176 phylogenetic-based clustering of homologues seen here suggests that most sequence 177 variation in core subunits is probably acquired through vertical transmission. However, the 178 close branching of distantly-related genera such as the Bordetellae and Pseudomonas in 179 these trees suggests that bcs operons may have been horizontally transmitted at an early 180 stage in the radiation of the Proteobacteria. 181 We note the increasing number of plant pathogens including Burkholderia (b-182 group), Dickeya, and Pseudomonas (g-group) spp., and animal pathogens including 183 Bordetella (b-group), Escherichia, Klebsiella, Salmonella, and Shigella (g-group) spp., 184 encode bcs operons and are likely to express cellulose (Suppl. Table S1 ). Although these 185 pathogens have diverse hosts and survive in a wide range of environments, cellulose 186 might play a common role in single-cell attachment, micro-colony and biofilm-formation, 187 and protection against predation, disturbance, or stress [13, 14] . Bordetella avium 197N. 190 Following our survey of bcs operons within the Proteobacteria, we shifted our 191 attention to the operon annotated in the Ba. 197N genome. The link between this avian and opportunistic human respiratory pathogen [9 -11] WssC2), which challenges our presumption that this bacterium could express cellulose. 205 Although the duplication is apparent in an alignment of the Ba. 197N and Pf. SBW25 206 genomic sequences, WssC1 and WssC2 are not direct copies of one another and share 207 only 47% identity at the protein level (97% coverage, 0.0 E value) (see Suppl. Fig. S1 ). 208 Furthermore, WssC1 and WssC2 branch separately in a NJ tree containing Pf. SBW25, 209 Pp. KT2440 and Ps. DC3000 WssC homologues (Suppl. Fig. S1 ). The alignment of Ba. 210 197N and Pf. SBW25 sequences also indicates that the two genomes do not share 211 significant levels of homology beyond the boundaries of the bcs operons, suggesting that 212 one or the other acquired the operon by a limited lateral gene transfer event. 213 A comparison of the GC content of the bcs genes indicates that the Ba. 197N, Pf. 214 SBW25, Pp. KT2440 and Ps. DC3000 operons are more similar to one another than they 215 are to the Pp. KT2440 operon (a = 0.05) (Fig. 3) . The mean GC contents of the bcs genes 216 of Pf. SBW25, Pp. KT2440 and Ps. DC3000 were also significantly different to their whole genome GC content (p ≤ 0.0003), suggesting that these bacteria had acquired the bcs 218 operons relatively recently and before much amelioration of divergent sequences could 219 occur. In contrast, no significant difference was observed between the Ba. 197N bcs 220 genes and whole genome GC content (p = 0.2033), suggesting that the transfer event 221 occurred much earlier in this bacterium or that the ancestral bcs donor was more similar to 222 the Bordetellae than to the pseudomonads. As the GC content of intergenic regions and 223 coding sequences are frequently correlated in bacterial genomes [30], a direct comparison 224 between the GC content of the bcs genes with the GC content of all other chromosomally-225 encoded genes is unlikely to produce a substantially different result. However, we have not 226 yet investigated the regions surrounding each of the bcs operons which may show 227 significant differences to the rest of the chromosomes. 228 Finally, no significant differences were observed between the GC content of core 229 synthase and acetylation-associated genes within operons (p ≥ 0.5085), and no significant 230 correlations found between GC content and gene order (p > 0.05). This suggests that the 231 acetylation-associated genes had been transferred and maintained with the core synthase 232 genes, rather than as subsequent and independently acquired functions. we were interested to determine whether Ba. 197N expressed cellulose despite the WssC 238 duplication, and whether it also played a role in A-L interface biofilm-formation as it does 239 for some pseudomonads. As Ba. 197N has been reported to form limited biofilms at the 240 meniscus of static liquids [26, 27] , we decided to use the static microcosm approach we 241 had previously developed to investigate A-L interface biofilm-formation by Pf. SBW25 and other pseudomonads [13, 23, 24] . In these, competition for O 2 which is otherwise growth-243 limiting in the liquid column drives biofilm-formation at the liquid surface [31] , even in the 244 absence of host-derived factors or environmental signals that might normally regulate such 245 activity including the expression of biofilm-associated EPS. 246 In order to determine whether Ba. 197N could form biofilms in static microcosms, a 247 range of media and incubation temperatures (BHI, KB and LB; 20 -42°C) were tested, as 248 although Ba. 197N is routinely grown in BHI at 37°C, phenotypic differences have been 249 noted under other conditions [9, 10, 32, 33] . We found clear visual evidence of growth (i.e. 250 culture turbidity) and A-L interface biofilm-formation, including culture turbidity, films 251 extending across the A-L interface, and sunken debris, within three days of incubation 252 under all conditions tested (Fig. 4 ). The biofilms formed in KB microcosms were 253 particularly obvious and robust, and were characterised as physically cohesive (PC)-class 254 / air-liquid-solid surface (A-L-S) interface-type biofilms [23, 24] . In contrast, BHI biofilms 255 were almost transparent with white flecks of material, and LB biofilms were very thin and 256 fragile. 257 We recovered biofilm material from microcosms and spread onto plates to 258 investigate colony morphologies. In Pf. SBW25 populations, radiation (i.e. mutation) 259 results in significant numbers of biofilm-forming Wrinkly Spreaders identifiable by an 260 altered colony morphology [34] . However, only wild-type colony morphologies were 261 observed from 3 day-old Ba. 197N biofilm samples, and no other signs of radiation were 262 seen in KB microcosms incubated for up to 15 days (e.g. in siderophore production, 263 colouration, motility, etc.). This suggests that biofilm-formation we have observed in 264 experimental static microcosms is the result of a normal physiological response by Ba.
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197N rather than the activity of biofilm-producing mutants. Further testing using modified 266 media containing avian tissue-derived signal compounds, cell cultures, tracheal rings or lung tissue will be required to determine whether biofilm-formation is a behaviour more 268 specifically associated with host infection or the colonisation of water, plants, and soils 269 during transmission between hosts. 279 We modelled biofilm strength using a GLM approach, and both strain and medium 280 were found to be significant (p ≤ 0.0001, see Suppl. Table S3 , Model 1), and 281 representative data for KB microcosms are shown in Fig. 5 . Although the VM and WS 282 biofilms were significantly different from one another, the Ba. 197N biofilms were of 283 intermediate strength ( Fig. 5B ) and could not be differentiated from either the VM or WS 284 biofilms (a = 0.05). The strongest Ba. 197N biofilms were produced in KB microcosms, 285 and across all three strains, KB biofilms could be differentiated from BHI and LB biofilms 286 (a = 0.05) which suggests that biofilm formation was influenced by media composition. 287 Over-all growth and biofilm attachment levels were not found to be significant effects on 288 biofilm strength (p > 0.05) across the three strains tested in these microcosms. However, 289 in previous work the VM biofilm has been shown to have significantly lower attachment 290 levels than the WS biofilm [35] . Finally, we also modelled biofilm attachment levels as 291 biomass at the meniscus is often used as a measure of biofilm growth in microtiter plate-based assays [36] . In this, the strain effect was found to be weakly insignificant (p = 293 0.0501, Suppl. Table S3 , Model 2), with the Ba. 197N biofilm differentiated from the VM 294 biofilm, but neither from the WS biofilm (a = 0.05). The expression of WspR mutants in Ba. 197N also affected biofilm strength, with 362 strain, medium and growth all found to be significant effects (p ≤ 0.0001, Suppl. expressing WspR19 which were significantly stronger than the plasmid control (2.5 x, p = 368 0.0353), though growth was significantly reduced (0.6 x, p = 0.0002). This suggests that 369 WspR19 has a negative pleiotropic effect when expressed in Ba. 197N, as it does in Pf. Pf. SBW25
Pp. KT2440
Ba. 197N
Ps. DC3000 
Supplementary Material
This contains supplementary methods, figures and tables.
S2.1 Bioinformatics
Protein homologues were identified using the Basic Local Alignment 
S2.3 Fourier transform infrared spectroscopy (FTIR)
Biofilm samples (n = 3) were first drained to remove excess media, and then prepared by washing 3 times in de-ionised water over a period of three days at room temperature. 
S2.5 Scanning electron microscopy (SEM)
Biofilm samples were first drained to remove excess media. They were then placed on specimen mounts, frozen in liquid nitrogen for 15 minutes, then transferred to a cooled vacuum freezer and freeze-dried for 48 hours at -40°C.
Dried samples were covered with gold and biofilms samples imaged using a JSM-6060 LA microscope (JEOL, Japan) and representative images compared qualitatively visually.
S2.6 SPA-CBD ELISA
Cellulose was detected in semi-purified biofilm matrix samples by ELISA using a Staphylococcus aureus Protein A-Cellulose Binding Domain fusion protein (SPA-CBD) [S2] . Biofilm samples were prepared by washing 10 times in de-ionised water over a period of three days. Samples were then incubated in Figure S1. The Ba. 197N bcs operon Table S1 . Proteobacteria having convincing bacterial cellulose synthase (bsc) operons.
Supplementary Figures
Class Genus Characteristic
a Komagataeibacter Environmental (rotting fallen fruit) species.
b Bordetella Animal (including human) pathogens.
Burkholderia
Animal (including human) and plant pathogens, environmental (soil and plant-associated) species.
g Enterobacter Opportunistic human (respiratory and urinary tract) pathogen.
Escherichia
Animal pathogen and gastrointestinal tract commensal species.
Dickeya
Plant pathogens.
Klebsiella
Opportunistic pathogens of animals (including humans), gastrointestinal tract commensal, environmental (water, soil and plant-associated) species.
Morganella
Gastrointestinal tract commensal species.
Pantoea
Human and plant pathogens.
Pseudomonas
Mushroom and plant pathogens, opportunistic human pathogens, environmental (soil and plant-associated) species.
Salmonella
Animal (including human) pathogens.
Serratia
Human (respiratory and urinary tract) pathogens.
Yersinia
Human pathogens.
This list is not exhaustive but includes those genera represented by the WssB homologues listed in Table S2 and shown in Figure 2 . 
